ABSTRACT The uptake of [3H] 
Acetylcholine (AcCho) is stored in synaptic vesicles at a concentration of ca. 0.15-0.5 M (1-3) which is about 1 order of magnitude higher than in the presynaptic cytoplasm (=='30 mM) (4) . AcCho is believed to be synthesized in the cytoplasm (5, 6) . Hence, a carrier and a mechanism to provide the energy for its active transport into the synaptic vesicles are essential. In catecholaminergic synaptic vesicles and storage granules, for example, it has been shown that the biogenic amines are transported into the vesicles by a specific, reserpine-inhibited carrier and that the energy needed for concentrating the catecholamines in the vesicles-is provided by a vesicle-associated proton ATPase (for review, see refs. 7 
and 8).
Previous attempts have failed to demonstrate accumulative AcCho uptake in vitro into coritcal slices (9), sympathetic ganglion (10), or Torpedo cholinergic vesicles (11 (8.3 Ci/mmol) was from The Radiochemical Centre (Amersham, England). All other chemicals were of reagent grade.
Purification of Synaptic Vesicles. The electric organs were excised from chilled live T. ocellata. The excised tissue, 10-15% (wt/vol) in 0.8 M glycine/1 mM EGTA, pH 6.6, was homogenized and fractionated by differential centrifugation as described (15, 16 ). The S2 supernatant was then centrifuged at '250,000 X g for 1 hr; the resulting pellet (P3) which contained synaptic vesicles, was resuspended on 0.1 M sucrose/0.35 M NaCl/0.5 mM EGTA, pH 7.4, and loaded on a discontinuous density gradient as described (17) . Density gradient centrifugation yielded a vesicle fraction (12) that was further purified (fraction SV) by gel filtration chromatography through a column packed with controlled-pore glass beads (Sigma, CPG-2500 200). Vesicle purity was determined both biochemically and morphologically (17) . AcCho [3H]AcCho (=3 X 106 cpm/ml) at the specified concentration.
At various time intervals, aliquots (0.1 ml) were placed in duplicate on GF/C filters (Whatman) which were rapidly washed (five times with 2-ml portions)-with ice-cold 0.8 M glycine/10 mM Tris HCl, pH 6.8. The filters were placed in vials containing 5 ml of Hydroluma (Lumuc) scintillation fluid and maintained at 25°C for 30 min. The radioactivity was then assayed by liquid scintillation spectrometry (Packard Prias, model PL). Standard tritiated water (Packard) was used to establish the efficiency of counting (40-45%). In order to reduce nonspecific adsorption of [3H]AcCho, prior to the experiment the GF/C filters were treated for 10 min by immersion in 0.8 M glycine/ 10 mM Tris1HCI, pH 6.8, containing 50 jig ofpolylysine (Sigma) per ml.
Under these conditions the amount of [3H]AcCho taken up by the vesicular ghosts (at t =-2 min) was about 3-fold higher than the blank measured at t = 0. When the effect of buffer composition on [3H]AcCho uptake was examined, the reaction was initiated by diluting the vesicles with the appropriate isoosmotic buffer (1:1) to yield the desired final concentrations. The validity of the filtration method was ascertained by control experiments in which intact vesicles were filtered on GF/C filters. After filtration, the AcCho retained on the filters was extracted and measured by bioassay (18) . This control revealed that 95 ± 5% of the vesicular AcCho was retained by the filter, thus demonstrating that the vesicles are trapped by the filter and that they are not ruptured by the filtration procedure.
[3H]Choline uptake was similarly assayed except that the reaction mixture contained [3H]choline (-3 x 10' cpm/ml) at the desired concentration and no AcCho. The reaction was initiated by (Fig. 2) . Regression analysis revealed that a fit ofthe data to a two transport systems model has a higher correlation coefficient (r = 0.95) than that of a single transport system (r = 0.70).
-In the I2 vesicles, the high-affinity [3H]AcCho transport had an affinity constant KTh of0. 32 ± 0.04 mM and a specific activity .of 2.17 ± 0.96 nmol of [3H]AcCho per mg of protein per min (mean ± SD of three determinations). The KTh of the pure (SV) and of the crude (P3) vesicles was similar to that of I2. The specific activity ofthe high-affinity transport of the SV fraction was more than 2-fold higher than that ofthe 12 fraction, whereas the rate of uptake by the P3 vesicles was lower than that in the I2 vesicles (Fig. 3) . Similarly, the specific activity of the low-affinity [3H]AcCho transport was highest in the pure SV fraction (Fig. 3) . The affinity constant (KT1) of the low-affinity transport system in the I2 and P3 vesicles was ca. 10 mM (Fig. 2) , whereas that in the SV is about 2-fold larger. The presynaptic membrane ofcholinergic nerve endings contains a Na'-dependent high-affinity choline carrier (21, 22) .
Hence, it may be argued that the results presented above are due to transport of [3H]AcCho by the choline carrier and not via the novel vesicular [3H]AcCho transport system described here. As shown in Fig. 4 , membrane ghosts prepared from iso-.lated Torpedo synaptosomes did accumulate [3H]AcCho. However, careful analysis revealed that the data are best fitted by a-single transport system (r = 0.99) with an affinity of KT = 5.5 ± 0.6 mM and V..s about one-seventh that ofthe synaptic vesicle ghosts (Fig. 3) .
We further examined the possibility that (17, 23, 24) which is outwardly oriented (25) . We therefore ex- (Table 1) .
By contrast, addition of Mg2+ and ATP in the presence of NaHCO3 (10 mM) resulted in an increase in the rate of [3H]AcCho uptake. Under these conditions, NaHCO3 by itself had no effect. These findings are similar to those recently reported by Koenigsberger and Parsons (26) [3H] AcCho transport into the vesicles follows saturation kinetics which are best fitted by two transport systems having affinity constants in the range of 0.3 mM and 10 mM, respectively. The finding that [3H]AcCho is released from the vesicles by hypoosmotic treatment and by low levels of detergent suggests that the accumulated AcCho is indeed transported into the vesicles. It should be noted that the affinity constants reported here are lower than the estimated concentration of cytoplasmic AcCho in Torpedo nerve endings (-30 mM) (4) and thus are compatible with the concept of AcCho transport in vivo from the presynaptic cytoplasm into the synaptic vesicles.
Three criteria were used to demonstrate that AcCho is indeed taken up by synaptic vesicles and not by nonvesicular contaminants such as the plasma membrane high-affinity choline carrier.
(i) The specific activity of both the high-affinity and low-affinity AcCho transport systems is higher in the pure synaptic The ratio of the Vm. values of the low-and high-affinity AcCho transport systems in the SV fraction, is ca. 30 and differs from that of the less pure 12 and P3 vesicular fractions (ca. 7 and 18, respectively). This suggests that not all the vesicles contain the two transport systems to the same extent. It should be noted that the purification procedure (17) used in this study was designed for obtaining pure vesicles, taking as a criterion of purity the highest possible concentration ofAcCho relative to vesicular protein and membrane phospholipid. Hence, it is possible that the low-affinity transport system is present mainly in the fully mature vesicles and the high-affinity system is more abundant in vesicles at a different stage of their life cycle. Heterogeneity in cholinergic synaptic vesicles has been demonstrated (31, 32) and two populations of synaptic vesicles, differing in size and turnover oftheir AcCho and ATP contents, have been identified and partially purified. It may be ofinterest to examine the extent of the high-and low-affinity AcCho transport systems in these vesicular populations; in addition, it may be possible to use AcCho transport as an assay for the isolation offunctionally different vesicular subpopulations.
The molecular properties and the mechanisms of AcCho transport by the high-and low-affinity systems are not known. We have recently found that the AcCho affinities of both systems may be modified experimentally (unpublished data). This finding as well as the variability of the affinity ofthe low-affinity AcCho transport system among various subcellular fractions, suggests that the two systems might in fact represent two different states of a single moiety.
Utilizing 2 min) may also be interpreted in terms of a slow dissociation ofan intravesicular AcCho complex. An alternative explanation is that some AcCho (less than 0.1% of the total AcCho content of the intact vesicles as determined by bioassay) is retained within the vesicular ghosts and that the carrier-mediated [3H]AcCho transport results in the labeling ofthis intravesicular AcCho pool.
In the intact vesicles the concentration of membrane-bound AcCho has been estimated at 0.15-0.7 M (1-3) , whereas the concentration of free cytoplasmic AcCho is about 1 order of magnitude lower (4, 33) . Hence, an energy source must be required for the accumulation ofAcCho in the vesicles. The finding, originally reported by Koenigsberger and Parsons (26) 
